We have reported shell-model results for 47−58 Ca isotopes in the f p, f pg 9/2 and f pg 9/2 d 5/2 model spaces using realistic N N interaction. We have also performed a systematic shell-model study using interactions derived from in-medium similarity-renormalization group (IM-SRG) targeted for a particular nucleus with chiral N N and 3N forces. The results obtained are in a reasonable agreement with the available experimental data in f p model space with N N interaction. It is shown that d 5/2 orbital plays marginal role for the spectroscopy for heavier neutron-rich Ca isotopes. We have also examined spectroscopic factor strengths using N N and N N + 3N interactions for recently available experimental data.
I. INTRODUCTION
The study of neutron-rich calcium isotopes is a topic of ongoing interest to understand the shell evolution and the location of drip line [1, 2] . The discovery of 60 Ca and implication for the stability of 70 Ca has been recently reported by RIKEN experimental group in the Ref. [3] . In contrast to ab initio calculations including three-body forces and continuum effects predict that 59 Ca [4, 5] is unbound and 60 Ca marginally bound and unbound [6] . The mass measurement of 55−57 Ca [7] confirmed the N =34 subshell closure in 54 Ca. In the recent experiment, the robust characteristic of N = 34 subshell closure has been reported in 52 Ar [8] .
The neutron-rich Ca isotopes have been previously investigated by the shell model with N N and N N + 3N interactions in f p and f pg 9/2 model spaces [9] . Shell-model calculations show that f pg interaction can reproduce reasonable spectra up to N ≤ 35 but fails to explain strong collectivity in nuclei around N = 40. To reproduce the enhanced collectivity, d 5/2 orbital should be included in f pg 9/2 model space, because collective behavior can be understood in terms of quasi-SU(3) [10] . The importance of the d 5/2 orbital is also reported in Ref. [11] . It has been proposed [12] that for neutron-rich f p-shell nuclei, the neutrons are excited to the sdg orbitals coupled to the unfilled f 7/2 proton orbital is responsible for a new region of deformation. Recently, the shell-model interpretation of the first spectroscopy of 61 Ti using LNPS interaction for f pg 9/2 d 5/2 model space has been reported by Wimmer et al. in Ref. [13] . It has been shown that the ground state configuration is dominated by particlehole excitations to the g 9/2 and d 5/2 orbitals. Thus, in the neutron-rich f p shell nuclei, the inclusion of d 5/2 orbital in the model space becomes crucial as we approach * E-mail address: charubharti14@gmail.com † Corresponding author: pcsrifph@iitr.ac.in ‡ E-mail address: kkaneko5319@gmail.com towards N = 40. Earlier, it has been shown that the many-body perturbation theory (MBPT) with three-nucleon forces (3N ) is very important to explain the spectroscopy of neutronrich Ca isotopes [14] . In addition, the ab initio calculations with other modern approaches: in-medium similarity renormalization group (IM-SRG) and coupled-cluster effective interaction (CCEI) with chiral N N and 3N forces among valence nucleons are found to describe well the location of drip line [15] .
The neutron-rich calcium isotopes are particular attraction for investigating the shell formation. The importance of 3N forces are crucial for explaining spectroscopy of Ca chain as reported in Ref. [9] .
Motivated with recent experimental data for spectroscopic factor strengths for Ca isotopes, we perform shellmodel calculations with N N and N N + 3N interactions. The aim of the present manuscript is to investigate recently available experimental data for spectroscopy and nuclear observables for the Ca isotopes using shell-model calculations with N N interaction for f p, f pg 9/2 , and f pg 9/2 d 5/2 model spaces. We have also reported shell model results with N N + 3N interaction for f p space. The present study will add more information to earlier theoretical work reported in Refs. [9, 14] . This paper is organized as follows. In Sec. II, we present details of theoretical formalism. Comprehensive discussions are reported in Sec. III. Finally, a summary and conclusions are drawn in Sec. IV.
II. THEORETICAL FRAMEWORK
We can express the present shell-model effective Hamiltonian in terms of single-particle energies and two-body matrix elements numerically,
where α = {nljt} denote the single-particle orbitals and ε α stand for the corresponding single-particle energies.N α = jz ,tz a † α,jz,tz a α,jz ,tz is the particle number operator. j α j β |V |j γ j δ JT are the two-body matrix elements coupled to spin J and isospin T . A JT (A † JT ) is the fermion pair annihilation (creation) operator.
In the present work, we perform shell-model calculations in f p, f pg 9/2 , and f pg 9/2 d 5/2 model spaces. To diagonalize the matrices, the shell model code KSHELL [16] has been used.
We have taken GXPF1Br+V MU interaction [17] for all the three model spaces. Since the GXPF1Br+V MU interaction is made for f pg 9/2 d 5/2 model space, thus while doing calculation for f p and f pg 9/2 model spaces, we allow valence neutrons to occupy in the f 7/2 , p 3/2 , f 5/2 , p 1/2 orbits, and further including g 9/2 orbit, respectively. The f p-shell matrix elements are taken from GXPF1Br [18] . The GXPF1Br [18] interaction is modified version of GXPF1B [19] with correction in monopole interaction for < 0f 5/2 1p 3/2 |V |0f 5/2 1p 3/2 > T =1 . The GXPF1B interaction [19] is upgraded version with the modification of five T = 1 two-body matrix elements and the bare single-particle energy which involve the 1p 1/2 orbit from GXPF1A [20] . The cross-shell two-body interaction between f p and gds-shell orbits are taken from V MU [21] . In the Hamiltonian ( Eq. 1) we have added β c.m. H c.m. term as proposed by Gloeckner and Lawson [22] to remove the spurious center-of-mass motion due to the excitation beyond one major shell in the case of f pg 9/2 and f pg 9/2 d 5/2 calculations. Further, all the two-body matrix elements are scaled by (A/42) −0.3 as the mass dependence.
Stroberg et al . [15] presented a nucleus-dependent valence-space approach using the IM-SRG, which is normal ordered with respect to a finite-density reference state |Φ . This approach adopts a decoupled valence space Hamiltonian in which occupied orbits are fractionalized. The effective Hamiltonian can be expressed in terms of single-particle energies and two and three-body matrix elements, as:
where E 0 , f ij , Γ ijkl and W ijklmn are the normal ordered zero-, one-, two-, and three-body terms, respectively. The normal ordered strings of creation and annihilation operators obey Φ|{a † i . . . a j }|Φ = 0. Here chiral N N interaction is taken from N 3 LO [23, 24] , and a chiral 3N interaction is taken from N 2 LO [25] . To make the calculation easier, the residual 3N interaction W ijklmn is neglected among valence nucleons, leading to the normalordered two-body approximation due to overbinding that grows with an increase in valence particles. − for the first excited state. In the valence spaces f pg 9/2 and f pg 9/2 d 5/2 , the calculations predict 3/2 − . For 54 Ca, the first experimental spectroscopic study on low-lying states was performed with proton-knockout reactions at RIKEN [18] . They observed 2 1 + state at
III. RESULTS AND DISCUSSION
Occupancies of g 9/2 and d 5/2 orbitals for the ground state in the Ca isotopes with GXPF1Br+VMU interaction. space. In the IM-SRG calculation, the first excited state lies much higher (at 3.352 MeV) than the experimental energy. In 55−58 Ca, only spin and parity of ground states are known except for 57 Ca. We have calculated a few lowlying states using the shell-model. Our calculated results will be important for upcoming future experiments.
In 55 Ca f p, f pg 9/2 d 5/2 , and IM-SRG predict 5/2 − as ground state, consistent with experimental data, while f pg 9/2 calculation shows 1/2 − as the ground state. Thus we may conclude that results of f p model space is sufficient to reproduce energy levels of Ca isotopes and the role of d 5/2 orbital is very small. Although, with increasing the neutron number, the occupancy of the d 5/2 orbital increases as shown in the Fig. 3 .
In Table I , we have shown B(E2) values for selected transitions in Ca isotopes. Our calculated results are in a reasonable agreement with the experimental data. In the calculations, the neutron effective charge is taken as e n = 0.5e.
In Table II , we present the calculated spectroscopic quadrupole moments and magnetic moments for odd-mass of calcium isotopes using IM-SRG and GXPF1Br+V MU (f p, f pg 9/2 , f pg 9/2 d 5/2 model spaces). The calculated results are in good agreement with the experimental data for quadrupole and magnetic moments. 
IV. CONCLUSIONS
In the present work, we have performed shell-model calculations with realistic N N interactions for 47−58 Ca isotopes. To see the importance of g 9/2 and d 5/2 orbitals, we have performed calculations for f p, f pg 9/2 , and f pg 9/2 d 5/2 model spaces. The significant increase of the occupancy for the d 5/2 orbital is obtained above N = 34 once we move towards heavier Ca isotopes. Although, the role of d 5/2 orbital is marginal for heavier Ca isotopes above N = 34. Our calculations support N = 32 and N = 34 subshell closures in the Ca isotopes. The results for the IM-SRG interaction targeted for a particular nucleus with chiral N N and 3N forces are also reported. We hope that the present shell-model study is helpful to confirm several experimentally tentative states. 
